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Abstract: Charge doping is an effective way to induce the
metal–insulator transition (MIT) in correlated materials for
many important utilizations, which is however practically
limited by problem of low stability. An electron–proton co-
doping mechanism is used to achieve pronounced phase
modulation of monoclinic vanadium dioxide (VO2) at room
temperature. Using l-ascorbic acid (AA) solution to treat VO2,
the ionized AA species donate electrons to the adsorbed VO2
surface. Charges then electrostatically attract surrounding
protons to penetrate, and eventually results in stable hydro-
gen-doped metallic VO2. The variations of electronic struc-
tures, especially the electron occupancy of V 3d/O 2p hybrid
orbitals, were examined by synchrotron characterizations and
first-principle theoretical simulations. The adsorbed molecules
protect hydrogen dopants from escaping out of lattice and
thereby stabilize the metallic phase for VO2.
As a typical strongly correlated oxide, vanadium dioxide
(VO2) shows a characteristic thermally induced metal–
insulator phase transition (MIT) at about 340 K.[1,2] Across
the phase-transition boundary, the resistance of VO2 varies up
to five orders of magnitude and the infrared transmittance
undergoes a pronounced switching effect,[3,4] making VO2
a promising candidate for various applications including
memory materials, smart windows, and ultra-fast optical
switching devices.[5–7] Many extensive studies have been
conducted to modulate VO2 MIT behavior.
[8–12] Controlling
the charge density is an effective way to modulate compet-
itively electronic phases of VO2. At present, the main control
methods include atomic doping[13–15] and the electric-field
gating[16–18] with ionic liquid as the dielectric layer. Charge
transferring complexes in coordination chemistry can donate
charges to VO2 crystal.
[19,20] The Iwasa group[21] has induced
VO2 MIT under mild conditions by surface adsorption of
organic polar molecules. However, most phase modulation
effects induced by organic molecules absorptions are weak, as
the amounts of injected electrons are limited by the Coulomb
screening effect.
The l-ascorbic acid (AA) molecule is known as a good
electron donor to transition-metal oxides such as TiO2.
[22,23] A
recent study[24] reported stabilizing an intermediate metallic
state in vanadium dioxide nanobeams via absorption of AA
molecules on VO2 wire tips. It was suggested that the AA
molecules was chelated on the VO2 top-end and induced
charge carrier density reorganization, triggering a metallic
state in monoclinic VO2. However, the proposed mechanism
was not such convincible if considering the surface charge-
transfer-induced Coulomb screening effect. More experimen-
tal evidence is desirable for clarifying this charge-doping-
induced phase-modulation behavior at room temperature.
Furthermore, charge doping in VO2 is normally not stable if
no external field is applied. Thus, developing a way to
modulate MIT in VO2 and stabilize its metallic phase is
a pressing issue.
Herein, we report a facile approach to modulate the phase
transition of VO2 film in l-ascorbic acid (AA) or its sodium
salt (AA-Na) solutions (Figure 1a and b, details in the
Supporting Information). l-AA molecules will be ionized in
water as AA and H+ ions; The AA species bind to the VO2
surface, causing charge transfer owing to the surface coordi-
nation effect; electrons flowing into VO2 will electrostatically
attract the surrounding free protons in solution to penetrate
into the VO2 lattice (Figure 1c); the meet of electrons and
protons eventually results in neutral hydrogen atoms inside
lattice. Such an electron–proton co-doping strategy thus
created a stable H-doping VO2 which exhibits metallic
properties at room temperature. Importantly, the adsorbed
AA molecules on the surface can protect the hydrogen
dopant from evaporation/escaping. Synchrotron-based char-
acterizations, together with first-principle simulations, dem-
onstrated the surface charge transfer and H-doping induced
O 2p–V 3d orbitals occupancy variations, which account for
the formation of metallic state. These findings would lead to
a novel facile way to modulate stable phase transition for
correlated oxide materials.
We start with immersing an insulator VO2 film into AA
solution at 50 8C or AA-Na solution at room temperature,
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both of which form a strong acid environment. Figure 1d–g
record the images of VO2 surface after reflux reaction in AA
solution at 50 8C with different immersing time. Owing to the
crystallization and self-assembled growth of AAmolecules on
the lattice surface, well-regulated patterns were observed.
The surface absorption of AA on the VO2 crystal surface act
as the initial nucleation site, and consequently the tree-branch
like AA nano-crystals are gradually expanded with increasing
treatment time until the film surface were densely covered.
The surface self-assembled growth behavior is also observed
in AA-Na solution at room temperature (Supporting Infor-
mation, Figure S1).
The optical properties of VO2 with AA/AA-Na were
examined by near-field scanning optical microscopy (s-
SNOM) with spatial resolution up to 10 nm.[4] In the polarized
optical images (Figure 2a and b), the bright domain for the
insulating monoclinic phase and the dark domain for the acid
treated phase[25] were well-separated. The s-SNOM character-
ization in Figure 2c and d show that the scattering signals of
the dark parts are much stronger than that of the bright parts.
Such cliff-like scattering signals in s-SNOM tests suggest the
clear boundary for the pristine and treated parts.
Importantly, the VO2 film with self-assembled AA cover-
ing can maintain stable metallic phase at room temperature,
which is insensitive to temperature varying even after under-
going many resistance–temperature cycling tests (Figure 3a).
While if the assembled AA layer is removed by deionized
water, the metallic state became very unstable (Figure 3b). It
was recovered to the insulating state after several cycles of
resistance–temperature tests. The infrared transmittance in
photo-absorption spectra (Figure 3c) is significantly reduced
by AA treatment, confirming the induced metallic phase. The
H atom concentration as a function of VO2 film depth
(sputtering time) was investigated by secondary ion mass
spectroscopy (SIMS) in Figure 3d, demonstrating the doping
of H inside lattice. Furthermore, the AA-Na treated sample
shows higher hydrogen concentration than that in AA treated
sample, further confirming the better performance of AA-Na
treatment owing to its high ionization in solution. This H atom
insertion induced the metallic VO2 phase at room temper-
ature (Supporting Information, Figures S2, S3). This AA/AA-
Na absorption-induced metallic VO2 film is stable in acid
solution, exhibiting excellent anti-corrosion property[26] in
15 wt% H2SO4 solution (Supporting Information, Figure S4)
and nearly intact AFM images (Supporting Information,
Figure 1. a) l-ascorbic acid (AA) and b) its sodium salt (AA-Na)
molecule. c) The surface absorption of AA on a VO2 crystal surface.
As a strong electron donor, l-AA molecules can connect with the
surface V-O to form an organic molecule ligand and electrons are
injected from the molecules to VO2 side, which in turn drives
surrounding solution protons to penetrate into VO2 due to electro-
static attraction, resulting a stable H atom doping. d)–g) The optical
images for the VO2 surface after immersion in AA solution for 5, 30,
60, 120 min, respectively, showing the distinct self-assembled growth
of AA molecules on the surface. While it should be noticed that the
self-assembled growth is not very uniform since the nucleation is
associated with the oxygen vacancies distribution on the surface. Scale
bars: d),e) 10 mm, f),g) 50 mm.
Figure 2. a) Optical images of AA-treated VO2 epitaxial film. Reaction
time: 2 h at 50 8C. b) Optical images of AA-Na-treated VO2 epitaxial
film and the reaction time is 2 h at 25 8C. c),d) The s-SNOM Images of
the VO2 epitaxial film treated with AA or AA-Na at different reaction
temperatures for 2 h, with the incident wavelength l=10.247 um.
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Figure S5). Furthermore, the H-doped VO2 films exhibit no
sharp MIT behavior even within the low temperature range
(Supporting Information, Figure S6).
XRD and Raman spectra were measured to examine H-
doping induced structural variations (Figure 4). The strong
Al2O3 (0001) substrate diffraction peak at 41.688 and VO2
(020) peak at 39.88 (JCPDS# 82-0661) were observed. The
VO2 (020) peak show pronounced shifts towards low-angle
directions after AA treatment, indicating the expanding of
the crystal lattice along the (020) direction owing to hydrogen
intercalation. The sample treated by 6 h shows the diffraction
peak at about 39.68 which is readily indexed to tetragonal
rutile VO2(R) structure (JCPDS# 79-1655). Raman spectra in
Figure 4b shows the typical characteristic peaks at 191 cm1,
221 cm1, 308 cm1, 618 cm1 for the pristine insulating states,
all of which disappear after 6 h treatment (Figure 4b), further
confirming the crystal structure transformation to tetragonal
rutile-like structure (metallic state).[18,26,27] With less treating
time of about 2 h, several smaller characteristic peaks for
pristine VO2 suggest the
coexistence two phases
due to the gradual diffusion
of H-atoms along the film
depth direction.
The chemical states and
electronic structures were
characterized by XPS and
XANES in Figure 4c and d.
The XPS peaks were cali-
brated by the reference line
of C 1s peak at 284.8 eV.
For the pristine VO2
sample, the V 2p3/2 feature
consisted a dominant V4+
peak and a smaller V5+
peak according to the
curve fitting by V4+ peak
at 516.2 eVand V5+ peak at
517.5 eV.[27,28] The smaller
V5+ peak is originated
from surface oxidation.
While after l-AA-treat-
ment, the V 2p3/2 peak
became much broader,
which can be fitted by
three peaks due to the new
appearance of V3+ related
feature at 515.0 eV.[29] Com-
parison of the V 2p3/2 peaks
before and after AA treat-
ment indicated that though
most vanadium in the thin
film still showed + 4
valence state, some + 3
valence state was produced
due to H-doping. XANES
spectra in Figure 4d
showed the variation of V
L-edge and O K-edge
absorption, in which the distinct peak shift for V-LIII and V-
LII edges towards low energy direction confirmed the reduced
valance state of V atoms due to AA treatment. The t2g/eg
absorption peak of O K-edge in Figure 4d give the informa-
tion of electron occupancy on the V 3d and O 2p hybrid
orbitals. The O K-edge was related to the transition between
O 1s and O 2p level. The intensity ratio of t2g/eg decreased
with the AA treatment, reflecting that t2g levels of dk* and p*
orbitals were gradually occupied by electrons coming fromH-
dopants.[30]
First-principles theoretical calculations at the density
functional theory (DFT) level were performed using the
Vienna ab initio simulation package (VASP).[31] The adsorp-
tion of l-ascorbic acid molecules on VO2 (010) surface may
take four configurations (Supporting Information, Figure S7).
The adsorption energies of AA and ionized AA on the
oxygen vacancy (OV) defect surface of VO2 (AA/VO2(OV)
and AA/VO2(OV)) are 0.96 eVand 2.41 eV, respectively.
While those of AA and ionized AA on the perfect surface of
Figure 3. a) The electrical measurements for AA treated VO2 samples. The VO2 film covered by assembled AA
molecules shows a quite stable metallic state at room temperature. b) If washing away the assembled AA
molecules, the metallic VO2 film becomes unstable and it will gradually recovered to the initial insulating
monoclinic state after cycled R-T tests. c) The UV/Vis-IR spectra for VO2 film before and after the AA
treatment, showing the transitions of metallic states at room temperature. d) The SIMS spectra for H atom
concentration as the function of film depth (sputtering time) for the pristine VO2 film and AA or AA-Na
treated samples.
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VO2 (AA/VO2 and AA
/VO2) are 1.43 eV and 1.96 eV,
respectively. This means that ionized AA adsorb on the VO2
(OV) surface is the most stable case (Supporting Information,
Table S1). The computed differential charge distribution at
the molecule–VO2 interfaces in those four adsorption config-
urations suggested the transferring of 0.10–0.57 electrons per
unit from molecules to VO2 (Figure 5a–d; Supporting Infor-
mation, Table S1). These are further confirmed by the
calculated molecular-adsorbate induced interfacial states
occupancies of 0.24, 0.46, 0.24, and 0.57 electrons per unit
for four different configurations (Supporting Information,
Figure S8). These negative electrons will drive protons (H+)
to penetrate into VO2 (Figure 1c), resulting in neutral H-
dopants.[26] The migration path of H from surface to subsur-
face were revealed (Supporting Information, Figure S9).
Electrons in VO2 indeed lower down the migration barrier
from 3.40 eV in neutral VO2 to 3.05 eV in VO2 with one
electron (Figure 5e; Supporting Information, Table S2). The
formation energy of an oxygen vacancy defect on the VO2
surface is increased from 4.16 eV in neutral VO2 to 4.47 eV in
that with an electron (Supporting Information, Table S2),
suggesting better structural
stability. The formed OH
covalent bond with a length
of 0.99  causes subtle dis-
tortions to the lattice struc-
ture (Supporting Informa-
tion, Figure S10), while
charge analysis found polar-
ization charges of 0.67 e
being donated from the H-
dopant to the lattice unit.
These polarization charges
change the occupation of
electronic states, as
reflected in the density of
state (DOS) (Figure 5 f),
explaining the metallic
property found in H-doped
VO2 samples.
In summary, we have
achieved stabilized metallic
phase of monoclinic VO2 at
room temperature by the
surface absorption of AA
molecules. The surface coor-
dination-effect-induced
charge transferring from
AA species into VO2 side,
while electrons attract pro-
tons in solution to penetrate
into VO2 lattice. These con-
stitute a novel electron–
proton co-doping mecha-
nism, which forms the effec-
tive hydrogen doping and
induces MIT for VO2. The
self-assembled growth of
AA molecules can strength
the hydrogen doping and maintain stable H-doped metallic
VO2 at room temperature. This new mechanism is certified by
various synchrotron-based characterizations as well as the
DFT calculations. It is believed that the surface coordination
effect may provide a new perspective to regulate electronic
properties of many correlated materials or two-dimensional
electronic materials.
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Electron–Proton Co-doping-Induced
Metal–Insulator Transition in VO2 Film
via Surface Self-Assembled l-Ascorbic
Acid Molecules
An electron–proton co-doping mecha-
nism is used to achieve pronounced
phase modulation of monoclinic VO2 at
room temperature. Using an l-ascorbic
acid (AA) solution to treat VO2, the
ionized AA species donate electrons to
the adsorbed VO2 surface. Charges then
electrostatically attract surrounding pro-
tons to penetrate, and eventually results
in stable hydrogen-doped metallic VO2.
Angewandte
ChemieCommunications
7Angew. Chem. Int. Ed. 2019, 58, 1 – 7  2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org
These are not the final page numbers! 
